The Small Demonstration Satellite-4 (SDS-4) of JAXA launched on May 18, 2012 (JST) is equipped with a Japan's first quartz crystal microbalance (QCM) for spacecraft surface contamination monitoring. The QCM was installed on one of the satellite outer surface and occasionally observed gradual frequency decrease (=contamination) under the ground clean room environment for about a year. The QCM frequencies just before and after the launch by the H-IIA Launch Vehicle No. 21 (H-IIA F21) were almost the same, which indicated good cleanness inside the H-IIA's payload fairing. The frequency rapidly increased to the initial level during the first week after the launch probably due to removal or erosion of contaminants on the crystal surface by attack of atoms and ions in the orbit at an altitude of about 700 km. Contamination was never dominant during seventeen months of the space operation. Long term trend of the QCM frequency seems to be affected by the upper atmosphere density changing with the F10.7 solar radio flux.
Introduction
Spacecraft surface contamination is one of critical issues that limit the mission life. For example, performance degradation of a space telescope by condensation of outgassing materials onto the mirror surface will shorten the service life of the scientific satellite. In these days, contamination control is a hot topic in communities of astronomy satellites or earth observing satellites 1) . Usually, their concern is mainly focused on molecular contamination. However, chemical and electric thruster effluents are also the source of contamination. Authors specialize research and development of electric propulsion system at the Institute of Space and Astronautical Science (ISAS) of Japan Aerospace Exploration Agency (JAXA). Our microwave discharge ion engine µ10 can generate an 8 mN thrust and four engines on Hayabusa asteroid explorer propelled the spacecraft very successfully 2) . In spite of the importance of contamination control, in-orbit measurement has been rarely conducted with respect to Japanese satellites. Development of contamination sensors started in 1998 under Hayabusa development phase to cope with concerned contamination of the optical sensors and sampling mechanism for asteroid surface which are installed on bottom plane of Hayabusa that is relatively close to solid propellant spin motors. The first contamination sensors using solar cells were developed for the M-V-2 rocket because it would be a precursor to the M-V-5 rocket for Hayabusa. For measurement of the contamination from the M-V-5 spin motors, two commercial quartz crystal microbalances (QCMs) were modified and installed. In the vicinity of the ion engines of Hayabusa, two solar cell contamination sensors were installed and the spacecraft were launched by the M-V-5 in 2003. Development history and flight results of these contamination sensors in ISAS was reviewed elsewhere 3) . A QCM consists of a bare AT-cut crystal and oscillator circuit. If crystal temperature is stable, deposition of something onto the crystal surface induces resonant frequency deviation which is proportional to the crystal mass deviation. QCM is so sensitive that we can detect mono-layer coating of some kind of atoms or molecules. There are many commercial QCMs for ground applications such as vacuum coating monitoring and gas sensors. As for space activities, U.S. QCM Research is the dominant company which has rich lineup of QCMs and many flight experiences since 1970s 4) . Their QCMs are also popularly used in ground thermal vacuum tests of satellites in Japan. Nevertheless, there had not been Japanese space mission using these QCMs partly because of their price. In order to increase opportunity of in-situ contamination measurement we have been developing simple and inexpensive QCM sensors using 9 MHz crystals made since 2006 until 2009 together with Meisei Electric Co., Ltd. Finally, the developed QCM was selected as one of four mission payloads of the Small Demonstration Satellite-4 (SDS-4) launched on May 18, 2012 (JST), which was the first space demonstration of Japan's QCM on a satellite.
In this paper, design and ground tests of the QCM will be firstly described. Then, in-orbit experimental results during the about one year flight will be shown and discussed.
Quartz Crystal Microbalance Contamination Instrument Description
The left picture of Fig. 1 shows an analog oscillator module consists of a crystal and an oscillator. The crystal can be optionally coated with polyimide film for mass loss measurements by atomic oxygen in low earth orbits though the first flight QCM for SDS-4 uses only uncoated crystals. The right picture of Fig. 1 shows a sample polyimide coating prepared by Prof. Tagawa's laboratory of Kobe University 5) . The analog module is extremely compact and light. Vacuum operation, temperature dependency test, mechanical environment test and 105 krad radiation test have been successfully conducted by using only analog modules because this part is the essentially new element of the QCM development.
A prototmodel (PM) QCM was developed in 2009, and three flight model QCMs (Fig. 2) for very near future missions were fabricated in 2010. Each QCM has two analog oscillator modules: exposed one for measurement and hidden one for reference of self compensation of temperature dependency.
The reference QCM generates the gate clocks for the frequency counter implemented by a field programmable gate array (FPGA). Fig. 3 illustrates the concept for compression of temperature deviations by measuring the ratio of two crystals with similar tendencies. One crystal is exposed to outside as a sensor and the other is kept at the close temperature of the sensor and hidden inside the housing as a reference. The best three pairs of crystals with similar temperature dependencies were selected for flight-model (FM) QCMs from thirty crystals of the same lot. The temperature deviations of ten of them are plotted in Fig. 4 . Fig. 3 demonstrates ±1 ppm stability from -40 to 80 °C achieved by the ratio measurement. Specifications of the flight QCM are listed in Table 1 . The QCM requires +5 V regulated DC power input and consumes 0.2 W. It has serial data input and output nominally using RS-422 drivers. The QCM is equipped with a platinum temperature sensor. The size excluding mounting legs is 50×50×25 mm as shown in Fig. 2 . The mass without a cable is 80 g and much lighter than the 2500 g of M-V-5's QCM system. This light weight and small electric power are comparable to state-of-the-art space QCMs and will promote wide range of future space applications.
One QCM sensor (uncoated type) was selected as a flight model for SDS-4. Figures 5 and 6 show random and sine vibration test conditions applied to the oscillator-module-only test in the early development phase of this sensor and to the QCM component test for SDS-4, respectively. A PM QCM was tested under the qualification test (QT) conditions and the FM QCM was tested under the acceptance test (AT) conditions. In the QT sweep time of sine vibration and duration of random vibration were twice those of AT.
Resonance was observed at 1600-2000 kHz which was originated from the oscillator module. All the vibration tests were successfully completed. Polyimide adhesive tape was used to cover the QCM's opening during the PM and FM vibration tests.
A thermal vacuum test (TVT) was conducted using the flight model of SDS-4 QCM. The temperature range was set as -40-65°C and 21 hours of baking and three temperature cycles were applied under a vacuum pressure less than 0.0013 Pa without using any dust covers. Power consumption frequency output, repetitive data output timing during TVT were very stable. QCM frequencies before and after the TVT were 8995606 Hz and 8995600 Hz, respectively, and contamination or mass loss of the QCM was not observed. 
Description of Small Demonstration Satellite-4 (SDS-4)
JAXA has been promoting the Small Demonstration Satellite (SDS) program in order to verify new technologies for components and devices in space prior to providing highly established technology to practical satellites and scientific probes. An SDS can be developed in a shorter period of time with lower costs compared to a large-size satellite, thus it has an advantage to carry out on-orbit verification and experiments in a timely manner. In addition, we can also foster younger employees by offering them opportunities to experience an overall series of work from a design phase thru satellite operation in space.
The first SDS (SDS-1), which was about 100 kgs, was launched on January 23, 2009. The SDS-4 project aims to develop a 50-kg class satellite, which is a standard size for a companion payload on the H-IIA Launch Vehicle, and the satellite was launched by the H-IIA F21 with the SHIZUKU (Global Change Observation Mission 1st -Water, GCOM-W1) as a piggyback payload on May 18, 2012 (JST) 6), 7) .
Four missions of the SDS project are: Space based Automatic Identification System Experiment (SPAISE) Flat Heat Pipe (FHP) On-orbit Experiment (FOX) In-flight experiment of space materials using THERME (IST) Quartz Crystal Microbalance (QCM) The purpose of the QCM mission is to gain on-orbit operation experience of a space QCM that is domestically manufactured and less expensive while measuring contamination (gas and particles on the surface of the satellite) throughout the satellite operation including its assembly, transportation, launch site work, and on-orbit operations. Fig. 7 shows an outlook of the SDS-4 and its coordinate system. A QCM is located at the +X, +Y corner of the outer surface of the -Z panel and oriented to the -Z direction. Table  2 summarizes the satellite specifications. 
Results

Results -component and system ground tests
The flight model of QCM was manufactured and tested by Meisei Electric Co., Ltd at their Isesaki Plant in Gumma Prefecture, Japan. Table 3 shows QCM test events on the ground from the manufacturing to the launch which may have affected the QCM's surface cleanness and in which frequency data were acquired. Temperature test, sinusoidal and random vibration tests, thermal vacuum test were executed as flight model component tests. In some cases where the cleanness was not sufficient, for example, during transfer and vibration tests, a plastic dust cover (non-flight item) was attached on the QCM to avoid excessive contamination. After shipment to the SDS-4 system in April 2011, the cover was kept removed in order to measure the actual contamination in the clean room environment that the satellite experienced.
These ground data are plotted together with flight data in Fig. 8 . The frequency gradually decreased (mass gain) due to contaminant deposition. About 0.7 µg/cm 2 was accumulated during the component tests, and 0.3 µg/cm 2 was added during the satellite test phase. In total, 1 µg/cm 2 of the surface contamination was observed during two years of ground activities. The averaged contaminant deposition rate of this QCM in typical clean room environments was calculated as 0.5 g/cm 2 /year. 
Results -just after launch and the first week
The SDS-4 was launched by the H-IIA F21 at 1:39 a.m. on May 18, 2012 (Japan Standard Time) as a secondary payload with the Global Change Observation Satellite 1st -Water "SHIZUKU" (GCOM-1.) The QCM was turn on after 80 seconds from the boot up of the satellite on-board computer. This was the first QCM operation in space on Japanese satellites. Fig. 9 shows the QCM's flight data of the first week after launch. The last frequency taken at the launch site was 8995555 Hz. The QCM started its operation in orbit from almost the same frequency as this value as shown in Fig. 9 . This indicates that it was clean enough inside the payload fairing of the H-IIA launch vehicle.
Frequency data in Fig. 9 contains small fluctuation or noise. Fig. 10 shows more details of the temporal change of frequency and temperature as the satellite orbits around the earth. Orbit period is about 100 minutes at the altitude of 700 km. Repetition of day and night, or with and without sun light causes the temperature change of the entire spacecraft. The temperature of the QCM also changes between 10 and 16 °C, for example. If the temperature is stable and there is no temperature distribution inside the QCM, no frequency shift will happen thanks to the frequency ratio measurement of the two crystals at the same temperature. However, because two crystals will have slightly different temperatures during the temperature changing, the frequency telemetry will show some shift. This is the cause of the ripple in the frequency history plot. In fact, the frequency fluctuation is synchronized with the temperature change rate as shown in Fig. 10 . The baseline of the frequency waveform is the measure of surface contamination or erosion. Long term trend analysis was carried out by using the frequency data when the satellite was at around the north pole of the Earth because the frequency was always low and stable at these locations in the orbit.
The SDS-4 spacecraft basically orients the solar array panels (+X direction) to the sun in the Sun Pointing Modes (attitude control modes SPM-C and SPM-F in Figures 9-11) . Usually, the QCM's sensor crystal will not see the sun directly. If the sensor is illuminated by the sun, thermal stress inside the crystal may shift the frequency. This was sometimes observed just after launch before the sun acquisition or occasional safe hole modes. We can see several spikes in frequency data in Figures 9 and 11 when the sun sensor signal also show spikes.
In Fig. 9 , we can see rapid increase in frequency during the first week in orbit as large as almost the same change as caused by ground contamination in two years. The frequency increase corresponds to 1.1 g/cm 2 of mass loss. The frequency change rate by 19 May, 2012 in the attitude control mode of SAM (Sun Acquisition Mode, the nominal spin mode) was 25 Hz/day (mass loss rate of 0.22 g/cm 2 /day), the change rate after 20 May, 2012 in the SPM-C (Coarse Sun Pointing Mode, 3-axis stabilization modes) was increased to 100 Hz/day (mass loss rate of 0.88 g/cm 2 /day). This change rate difference by a factor of 4 can be explained as follows.
The half-angle of the field of view (FOV) of the QCM is 60 degrees. The resident time fraction of the incidence angle in the FOV is different depending on the attitude control modes. It was 8% in SAM while it was 32% in SPM-C. Frequency increase of the QCM could be caused by erosion of the gold electrode by the sputtering of fast neutral atoms and ions in the upper atmosphere or by corrosion of the carbon-rich contaminant deposited on the QCM surface induced by the chemical reaction with atomic oxygen. We have roughly estimated that the atomic oxygen fluence on the QCM surface of the satellite would be 2×10 17 particles/cm 2 in this period (May 17 -May 25, 2012), if the satellite attitude control mode had been fixed to SPM-C, based on the neutral atmosphere model MSIS-86. The erosion yield of this QCM surface contaminant (assuming a density of 1 g/cm 3 ) is evaluated as 5.5×10
-24 cm 3 /atom, which is the same in the order of magnitude as those of many organic materials such as polyimide, polyethylene, polyether-ether-keytone and carbon 8) .
Thus we think that the main cause of the frequency increase is the erosion of the contaminant by the atomic oxygen. The decrease in frequency increasing rate in SPM-F mode after May 21, 2012 will be due to the decreasing surface coverage of the contaminants. As a result, almost all the ground-based contaminant was removed by the end of the first week in orbit. Fig. 9 . The QCM's flight data of the first week after launch in 2012. The frequency was rapidly increasing to the value close to the original mass density level as the sensor was firstly manufactured. 1. QCM temperature measured at the root of the sensor oscillator by a platinum thermometer. 2. QCM frequency calculated from the difference of counter data every 10 seconds. Corresponding mass density is also shown in the right y-axis. The zero of the mass density was set to the first frequency measured after the QCM fabrication. 3. A history of an angle between the orbital velocity vector and the QCM direction (-Z axis of the spacecraft). A half angle of the field of view of the QCM is 60° and also shown. 4. The voltage output of a sun sensor installed on the same -Z panel as the QCM indicating sun presence. The control mode of the attitude control system is also plotted. 
Results -long term trend of 17 months
The QCM has been always operating except for very short term during unintentional safe modes sometimes happened when attitude operations were carried out for other mission payloads. Fig. 11 shows all the QCM data during seventeen months after the launch. Starting from November 2012, coarse or fine earth pointing mode (EPM-C, EPM-F) operations were often tried for other mission payloads to achieve extra successes.
The temperature control setting of the on-board heater controller sometimes changed and QCM's temperature changed stepwise, but it did not affect the baseline of the frequency plot in Fig. 11 thanks to the elimination of the temperature dependency as shown in Fig. 3 . The frequency has been increasing very slowly. After the previously mentioned removal of contaminant deposition, it seems that the gold electrode of the crystal surface was eroded by about 1 g/cm 2 , which is equivalent to the film thickness of 5 Å. Total thickness of the gold coating electrode is 2000 Å and the life time of the QCM is sufficiently long.
The daily minimums of the QCM frequency were used to calculate frequency change rate averaged in every week. Fig.  12 shows the time evolution of the frequency change rate and the F10.7 solar flux 9) as an indicator of the upper atmosphere density. Time series analysis was conducted using MATLAB ® . Fig. 13 Shows periodgram power spectral densities of the QCM frequency change rate and the solar flux during the SDS-4 mission period earlier than December 2012. A common dominant frequency (or period) at 0.26 cycles/week (27 days) that caused by the Sun's rotation is clearly observed. Fig. 14 shows the cross-correlation between two time series: the QCM frequency change rate and the solar flux during the SDS-4 mission period earlier than December 2012. The ripple indicates that both time series are periodic and have the same period of about 27 days and that the QCM frequency change rate is 5 days behind the solar flux. This is another reason why we think that the increase in the QCM frequency is mainly caused by the surface erosion by atoms and ions of upper atmosphere with an orbital velocity of 7.5 km/s.
The extended mission phase of the SDS-4 in which much more frequent attitude maneuver operations are carried out started in January 2013. In this year, the F10.7 solar flux was unstable and not so periodic as the year before. In addition, the QCM frequency trend was much more influenced by the attitude maneuver operations including Earth pointing modes (EPM-C and EPM-F in Fig. 11 ). Fig. 15 shows periodogram power spectral densities of the QCM frequency change rate and the solar flux during the SDS-4 mission period later than January 2013. Fig. 16 shows the cross-correlation between two time series: the QCM frequency change rate and the solar flux during the SDS-4 mission period later than January 2013. These figures indicate that these two time series have not a common frequency period and their correlation is very weak. The QCM frequency has once suddenly dropped by 18 Hz (mass deposition by 0.1 g/cm 2 ) on January 14, 2013, 20:30 UTC as shown in Fig. 17 . Before the drop, small frequency fluctuation was observed. Though we suppose that this instability was possibly caused by some motion of gold fragment or particulates on the crystal surface, similar events have not happened on the ground and the actual phenomenon is not understood. At that moment, the spacecraft was flying over the north pole of the Earth from day side to night side. The QCM operation has been flawless and this kind of freqency instability has never occured since then. 
Summary and Conclusions
The Small Demonstration Satellite-4 (SDS-4) of JAXA launched on May 18, 2012 (JST) is equipped with a Japan's first quartz crystal microbalance (QCM) for spacecraft surface contamination monitoring. The QCM was installed on one of the satellite outer surface and occasionally observed gradual frequency decrease (=contamination) under the ground clean room environment for about a year. The QCM frequencies just before and after the launch by the H-IIA Launch Vehicle No. 21 (H-IIA F21) were almost the same, which indicated good cleanness inside the H-IIA's payload fairing. The frequency rapidly increased to the initial level during the first week after the launch probably due to removal or erosion of contaminants on the crystal surface by attack of atoms and ions of upper atmosphere at an altitude of about 700 km. The QCM has been successfully monitoring the spacecraft surface environment for seventeen months. The QCM frequency has been steadily increasing and it indicates that surface erosion is more dominant than contamination on SDS-4 satellite. Long term trend of the frequency seems to be partly affected by the upper atmosphere density changing with the F10.7 solar radio flux.
